This paper reports a side-coupled asymmetric 1×2 plastic optical fiber coupler for an optical sensor system. The dependence of the optical power coupling ratio on the coupling angle and refractive index of the adhesion layer in both the forward and backward directions was examined based on the geometrical optics. It was confirmed experimentally that the coupling ratios can be optimized by controlling the coupling angle and refractive index of the adhesion layer. A maximum forward coupling efficiency > 93% was achieved.
I. INTRODUCTION
An optical sensor system is generally composed of an optical source, a sensor element and an optical detector. In order to separate the optical sensor signal from the optical source, complicated optics, which are composed of several aligned optical components, such as mirrors, lenses and/or beam splitters, are often used in optical sensor systems. A coupler is used in optical communication and sensor systems to divide or combine the optical signals. The complicated optics in a sensor system can also be replaced by a simple fiber coupler.
Plastic optical fibers (POFs) are often used in the field of short distance optical communications and fiber optic sensors. The 1arge core size and high numerical aperture of the POF facilitates optical beam launching into the fiber from an external source as well as the connection between plastic fibers. POF couplers have been developed based on the side-polishing method [1, 2] , the fusion and pulling method [3] , and the fiber mixing method [4] . However, these couplers are not suitable for separating the sensor signal from the optical source. The POF coupler in optical sensor systems requires the optical source beam to be delivered to the sensing tip without loss, while the optical sensor signal created by the sensing tip travels backward to the optical detection port without leakage into the optical source port. However, to the best of our knowledge, there has been no report of a POF coupler satisfying this requirement.
This study investigated both theoretically and experimentally an asymmetric 1×2 plastic fiber coupler for a POF sensor system. An angle polished plastic fiber (APPF) was attached to the side of the main plastic fiber (MPF). The core size of the MPF was considerably larger than that of the APPF. The structure of the coupler was similar to the beam combiners [5] [6] [7] , which are constructed from silica fiber for a high power fiber laser. A theoretical study on the forward coupling ratio from the APPF to MPF, and backward coupling ratio from the MTF to APPF was carried out based on the geometrical optics. The influence of the device geometry on the characteristics of the coupler was analyzed. Couplers with various coupling structures were fabricated and characterized.
II. THEORETICAL CONSIDERATION
We employed the geometrical optics to calculate theoretically the forward and backward coupling ratios because the core diameter of the plastic fiber is much larger than an optical wavelength. The optical absorption in the epoxy layer used for combining the APPF and the MPF was neglected. The thickness of the adhesion layer was assumed to be uniform and much larger than the wavelength. Therefore, the evanescent field coupling was not taken into consideration. Figure 1 shows the configuration of the asymmetric plastic coupler for a POF sensor. The light source beam was launched into the APPF and then coupled to the MPF. Not all the light rays can be coupled to the MPF due to the Fresnel reflection at the two interfaces of the adhesion layer. In addition, such optical rays that transmitted through the interfaces, however, were incident on the core-cladding boundary of the MPF with a small incident angle cannot be guides by the total internal reflection. An optical sensor signal, such as fluorescence or reflected light, was created at the sensor tip attached to the end of the MPF. A part of the optical sensor signal travels back along the MPF to the optical detection port.
A typical light ray incident on the interface from the APPF is shown in Fig. 1 . The symbol  denotes the angle between the optical ray and the fiber axis. The coupling angle  is defined as the angle between the axis of the MPF and APPF.  and  are the incident angles of an optical ray at two boundary surfaces. is the incident angle of the ray on the MPF core-cladding cylindrical boundary surface. The symbols, n1, n2 and n3, denote the refractive indices of the APPF core, adhesion layer and MPF core, respectively.
is a unit vector in the direction of an incident ray in the APPF. In Cartesian coordinates as shown in Fig.  2 , can be expressed as follows:
(1)
The APPF axis was taken as the z axis in the Fig.  2 . The major axis of the elliptic interface surface lies in the xz plane and its minor axis lies in yz plane.  is a skew angle, which is the angle between the x axis and the projection of the ray to the xy plane. The outward normal is given by
The incident angle  at the first interface is the angle between and . From geometry (3) i.e.,
Based on Snell's law
In the second interface, Snell's law is written as follows:
Side-Coupled Asymmetric Plastic Optical Fiber Coupler for… -Kwang Taek Kim et al. (6) where  is the angle of refraction at the second interface. The incident angle of the ray on the core-cladding boundary surface of the MPF, which is the same as , must be greater than the critical angle to experience the total internal reflection. (7) where   is the numerical aperture of the MPF. The transmittance at the two interfaces can be expressed in terms of the Fresnel's law.
In the above expressions, T 12 and T 23 are the transmittance at the first and at the second interface. The superscripts TE and TM stand for the TE and the TM polarization, respectively. The angles, , , and are  functions of the ray parameters , , and . Consequently, T 12 and T 23 are also functions of , , and . We neglect the weak multiple reflection between the two interfaces and assumed that the light beam is unpolarized. The total transmittance T(, , ) is given by (9) Eq. (7) shows that not all the light in the APPF can propagate in the MPF. Therefore, the filter factor, F(, , ), is necessary for calculating the forward ratio.
(10)
The total power launched into the MPF can be expressed as follows [6] : (11) where   is the numerical aperture of the APPF. P (θ, ) denotes the optical power distribution in the APPF.
The total optical power in APPF is given by (12) The coupling ratio from the APPF to the MPF can be expressed as (13) The backward coupling ratio must be suppressed because the light signal from the sensor tip propagating back to the optical source port can cause optical source instability. In order to express the trajectory of a backward ray, new Cartesian coordinates, x', y' and z', and the cylindrical coordinates, r', ′ and z' were set up, as shown in Fig. 3 . The z' axis was parallel to the MPF axis.
The light signal generated by a sensor tip travels backward and reaches the detection port. Part of the backward signal that hits the interface area S may leak into the APPF and to the optical source as shown in the Fig. 3 . The shaded region S' is the projection of the elliptical surface S onto the x'y' plane. Only those optical rays in the region S' can hit the polished interface area S in the direction of (′ ′ ). A backward traveling ray is defined by ′ and ′ . ′ is the angle between the z' axis and . ′ is the skew angle between the projection of onto the x'y' plane and the x' axis. ′ is the incident angle at the interface, which is the angle between 16) where ′ is the refractive angle of the backward ray at the second interface.
The surface area S of APPF is  times the crosssection area A of the APPF fiber,
The shaded area S' is given by (18) Leaky power at the coupler can be expressed as follows [7] :
where D is the cross section area of the MPF. T' is the total transmittance at the coupler and is given by the product T32T21. The reverse transmittance, T32 and T21, can be obtained in the same way by use of Fresnel's law.
Not all the leaky power can be coupled back to the optical source and some rays cannot satisfy the condition required for total internal reflection of the APPF. Therefore, the filter factor is necessary for calculating the coupling ratio from the MPF to APPF.
(20)
The coupled power through the APPF can be written as follows:
The backward coupling ratio from the MPF to the APPF can be expressed as (22) where P'(′ ′ ) denotes the optical power distribution in the MPF. Eq. (22), when comparing with the eq. (13), indicates that the backward coupling ratio can be controlled by changing the ratio of the core diameters of two fibers while leaving the forward coupling ratio unchanged.
III. NUMERICAL ANALYSIS
The above theoretical model was used to simulate the propagation of light rays through the coupler. The ratio of the core diameter of the APPF to the core diameter of the MPF was 1:2. The optical power distribution in the fiber was assumed to be uniform. The index of refraction was the same for two fibers, i.e. n1=n3=1.49, which was taken from the reported specification for the commercial POF. The numerical aperture was 0.48 for both the APPF and the MPF. Fig. 4 shows the dependence of the forward coupling ratio on the coupling angle  and refractive index of the adhesion layer n2. The forward coupling ratio of the proposed coupler was strongly dependent on both parameters,  and n2. The coupling ratio decreases with increasing coupling angle , because more light rays do not satisfy the total internal reflection condition and cannot be propagated along the MPF.
The highest coupling ratio was observed when the refractive indices were matched, n2=n1(=n3), which is due to the fact of no reflection at the interfaces. As the refractive index of the adhesive layer differs from the refractive index of the POF core n 1 (=n 3 ), the coupling ratio decreases as a result of the reflection at the interfaces. In the case that n 2 is smaller (n 2 <n 1 =n 3 ), a considerable portion of rays suffer total internal reflection at the first interface. This can explain the even smaller coupling ratio in the case of n2<n1, which manifests clearly for small coupling angles, as shown in Fig. 4 . Fig. 5 shows the dependence of the backward coupling ratio on the coupling angle  and refractive index of the adhesive layer n2. The decrease in the backward coupling ratio was attributed mainly to the ratio of the cross section area of the two fibers. As the coupling angle increases, the backward coupling ratio decreases as a result of a decrease in the interface area of the APPF (S), which is inversely proportional to . In the present simulation, a small decrease in the cross sectional area of the MPF due to the side polishing was not taken into account.
On the other hand, the dependence of the backward coupling ratio on the refractive index n2 is mainly due to the reflection at the interfaces. As the value of n2 deviates from n1, more rays become reflected at the interfaces. The effect of the total reflection in the case of n2<n3 was not manifested and only the relative index difference is significant, which is quite different from the case of the forward coupling.
A comparison of the simulation results suggests that a high forward coupling ratio from the APPF to MPF and a low backward coupling ratio from the MPF to APPF cannot be accomplished simultaneously simply by adjusting the coupling angle or refractive index of the adhesion layer. The two requirements have a tradeoff relationship.
IV. EXPERIMENTAL RESULTS
Two types of POF with different core diameters were prepared. The core diameters of the MPF and APPF were 3.0 mm and 1.5 mm, respectively. The refractive indices of the core and cladding were 1.49 and 1.41 at 630 nm, which are the same for the MPF and APPF. A number of jigs were prepared to polish the APPF with different polishing angles. APPFs with a polishing angle of 5°, 8°, 12°, 16° and 20° were fabricated. A side of the MPF was removed and polished to expose the core, and the APPF was mounted on the exposed surface of the MPF by use of adhesives. The polished area of the MPF was adjusted to the end surface area of the APPF. Fig. 6 shows the prepared polished APPFs with five different coupling angles and Fig. 7 shows the image of one of the fabricated couplers.
Two types of epoxy were used for the adhesion layer, KS-9 and NOA81, whose refractive indices were 1.49 and 1.56, respectively. A total of 10 couplers with 5 different coupling angles and 2 different refractive indices of the adhesion layer were examined. The forward and backward coupling ratios were measured using a laser diode beam with a 635 nm wavelength launched into the APPF or MPF through a multimode glass fiber. A reference POF, whose length was the same as the MPF with a coupler, was prepared for a reference coupling ratio. The coupling ratios were calibrated by comparing the measured throughput powers of the reference POF and the POF with a coupler section. Fig. 8 shows the measured forward coupling ratios of the fabricated coupler. Although there was a slight difference between the theoretical prediction and experimental results, the overall parameter dependence of the experimental result is in good agreement with the simulation. SK-9 was adopted for the index matched epoxy. The difference between the theoretical and experimental results may be attributed to several reasons such as surface roughness of the interfaces due to imperfect fabrication process and inhomogeneous optical power distribution. Fig. 9 shows the measured backward coupling ratios of the fabricated coupler devices. For couplers fabricated with a refractive index matched epoxy SK-9, the coupling ratios were less than the theoretical values. This could be resulted from the scattering loss at the imperfect interfaces. On the other hand, for couplers with the NOA81 epoxy, the experimentally measured values for the backward coupling ratio were much higher than the theoretical predictions. This relatively high backward coupling could be due to the scattering loss at the imperfect interfaces.
A trade-off relationship between the higher forward coupling ratio and lower backward coupling ratio was demonstrated experimentally for the structural parameters, the coupling angle and the refractive index of the adhesion layer. An asymmetric coupler with a high forward coupling ratio can be achieved easily by adopting a low coupling angle along with an index matched adhesion layer.
V. CONCLUSION
This paper reported a side-coupled asymmetric POF coupler for optical sensors with a high forward coupling ratio and low backward coupling ratio. An angle polished POF was side-coupled into a main plastic fiber. The dependence of the coupler performance on the coupling angle between the two fibers and on the refractive index of the adhesion layer was investigated both theoretically and experimentally. A trade-off relationship between the forward coupling ratio and backward coupling ratio was found for the structural parameters, the coupling angle and the refractive index of adhesion layer. The proposed asymmetric coupler can replace the complicated optics for splitting or combining the optical source and optical sensor signal and can be used widely for fluorescence and reflection sensors.
